19. G␣ z expressed in Sf9 cells is both myristoylated and palmitoylated (2) , but palmitate is largely removed during purification. G␣ z (4 M) purified from Sf9 cells or myristoylated G ␣i1 from E. coli (32) was palmitoylated by incubation for 2 to 3 hours at 30°C with 50 M Pal-CoA, either unlabeled or 3 H-labeled at 1000 cpm/pmol, in 50 mM NaHepes (pH 7.8), 2 mM EDTA, and 7.5 mM CHAPS detergent (18) . [ 3 H]Palmitoylation was measured by liquid scintillation counting after precipitation with 10% trichloroacetic acid (18) or SDS-polyacrylamide gel electrophoresis (PAGE). The concentration of active G␣ z was assayed according to the binding of 10 M [ 35 S]GTP-␥-S (15, 33) except that the binding reaction mixture was incubated for 60 min in the presence of 25 mM (NH 4 ) 2 SO 4 , which increases the rate of nucleotide exchange on G-protein ␣ subunits (34) . Maximal observed binding of [ 35 S]GTP-␥-S was 65 to 70% of that predicted from assay of total protein. 20 . Hydrolysis of G␣ z -bound [␥- 32 P]GTP and G z GAP activity were measured at 15°C as described (15) . GAP activity is expressed either as the amount of bound GTP hydrolyzed above background at early times (quasi-linear time course) or as an apparent first-order rate constant (k app ). A unit of GAP activity is defined as an increment in k app of 1 min -1 (15 ) . Basal and stimulated hydrolysis of GTP bound to G␣ i1 was measured with a single-turnover assay (15 ) that included centrifugal gel filtration to remove unbound [␥- 32 A central issue in cognitive neuroscience concerns the functional architecture of the prefrontal cortex and the degree to which it is organized by sensory domain. To examine this issue, multiple areas of the macaque monkey prefrontal cortex were mapped for selective responses to visual stimuli that are prototypical of the brain's object vision pathway-pictorial representations of faces. Prefrontal neurons not only selectively process information related to the identity of faces but, importantly, such neurons are localized to a remarkably restricted area. These findings suggest that the prefrontal cortex is functionally compartmentalized with respect to the nature of its inputs.
A major advance in understanding cortical organization has been the partitioning of large territories of cortex into regions on the basis of sensory modalities and submodalities (1, 2) . This is particularly striking in the visual system, where processes related to central and peripheral vision can be traced from the retina to the highest levels of visual association cortex in the inferior temporal cortex (IT) and the posterior parietal cortex. The situation is less clear for prefrontal cortex. Because of its status as the archetypal association cortex, the functional architecture of prefrontal cortex has theoretical implications for the issue of whether association cortex has a modular functional organization like that of the sensory regions or is instead relatively undifferentiated. Evidence from the study of lesions (3), anatomical connections (4, 5) , and human imaging (6, but see 7) indicates that the prefrontal cortex may also be partitioned on the basis of its sensory innervation. At the cellular level, electrophysiological studies have revealed spatially selective responses in the dorsolateral prefrontal cortex (8) and object-specific neural responses within the inferior prefrontal convexity of the macaque monkey (9, 10) . However, only a few studies have directly compared dorsal and ventral areas involved in spatial and object vision, respectively, and these studies have found either only quantitative differences (11) or no specialization of function at all (12) . We reasoned that using an ecologically salient stimulus to map prefrontal cortex might reveal a degree of areal specialization that has not been evident in prior studies. Given that recognition of and interaction with one's conspecifics is critical to social behavior and relies heavily on the ability to discriminate between faces and facial expressions, neuronal responses to faces, as seen in inferior temporal cortex (13) , provide such a probe. On the basis of extensive mapping, we now report that the prefrontal cortex contains a highly circumscribed region, the inferior prefrontal cortex, where neurons selectively process information contained in faces. Therefore, these results indicate that the ventral visual stream dedicated to stimulus identification in central vision (1) extends from visual cortex to the prefrontal cortex.
The results are based on 46 face-selective neurons from a sample recorded throughout the prefrontal cortex of three monkeys trained to maintain fixation while visual stimuli were presented (14) . The analysis of neuronal activity to a wide variety of stimuli revealed that these neurons' responses were triggered by pictures of a face and gave little or no response to any pictures of nonface stimuli ( Fig. 1A) (15) . To determine whether the face-selective responses were determined by potentially confounding factors such as the emotional or motivational significance associated with faces or local visual features of certain faces, putative face-selective neurons were tested with a variety of additional stimuli. Neurons that showed responses to face stimuli were tested on an array of additional stimuli with strong motivational or emotional significance to the monkeys such as monkey chow, fruit, leather handling gloves, snakes, insects, and the like. There was no sign that motivational or emotional significance of the stimuli was a determining factor in the responses to faces. Indeed, the only significant difference due to stimulus class (faces, objects, colored rectangles, peripherally presented spots of light, common "laboratory" stimuli such as oriented lines, emotionally significant stimuli, and motivationally significant stimuli) in the responses of face-selective neurons was between faces and other stimuli (P Ͻ 0.00013; Tukey Honestly Significant Difference test). Face-selective responses were also not determined by local features within the face. Instead, the neurons appeared to respond to the face as an identifiable object, because their response was greatly diminished or eliminated when the same face was scrambled to preserve elements such as internal texture, color, and local contours but lacked the immediate impression of a face to a human observer ( Fig. 1B ; two-tailed t test for paired observations, P ϭ 0.00002). To further determine that the selective responses to faces were not merely the result of local features idiosyncratic to certain face stimuli, six face-selective neurons were tested with the same sets of 10 stimuli inverted, converted to black and white, and decreased in size. As is the case in IT (16), stimulus identity was strongly correlated with response magnitude across manipulations (Pearson r ϭ -0.877, P Ͻ 10 -9 ). In contrast, manipulation of stimulus orientation, size, or color versus black and white did not significantly affect response magnitude (r ϭ 0.132, P ϭ 0.418).
Because foveation is a critical aspect of stimulus identification, it would be expected that neurons processing such information would exhibit their best responses to foveal stimulation, and, indeed, this was the case when 11 face-selective neurons were tested with faces at nine locations: foveally and at eight locations 13°from the fixation point Trial by trial rasters and averaged spike density functions (SDFs) of one face-selective cell to the most effective face and the most effective nonface stimulus with which it was tested. Each raster tick denotes one extracellularly recorded action potential, and the SDFs are averaged neural activity convolved with a Gaussian function (SD ϭ 30 ms). For all rasters and SDFs, the first vertical line denotes the animal's foveation of the fixation point, the second vertical line indicates stimulus onset, and the third vertical line indicates stimulus offset. The duration of the stimulus was 1 s. The actual stimuli were color images presented on a computer monitor (14) . The ordinate represents the neural response in spikes per second (s/s). (B) The mean response of the same face-selective neuron to another face and to this face scrambled. Conventions are as in (A). There was a strong and lasting post-stimulus response to the face and not to any of the other stimuli. This activity continued throughout the intertrial interval and was not related to eye movements or to any other observable behavior that followed the face stimulus during the posttrial period.
SCIENCE ⅐ VOL. 278 ⅐ 7 NOVEMBER 1997 ⅐ www.sciencemag.org (12.7 versus 5.0 spikes per second over baseline; P ϭ 0.00016, two-tailed t test for unpaired observations). Typically, there was a maximal response to foveal stimulation and weaker responses to a subset of the extrafoveal stimuli. The foveal emphasis and relatively large receptive fields of face-selective neurons are similar to neurons in IT cortex (13) .
An interesting feature of face-selective responses was their marked tendency to either continue or begin firing after stimulus offset. We observed two types of persistent responses. First, "onset" face-selective visual responses that began with stimulus onset and persisted from 200 to 1500 ms after offset of the visual stimulus were observed for 15/18 of the face-selective neurons with tonic responses ( Fig. 2A) (17) . Most remarkably, in six face-selective neurons, we observed a second type of persistent face-selective activity: "offset" responses ( Fig. 2B ) that began only after stimulus offset and lasted for up to 2600 ms (until the next trial began). The firing of these neurons was not related to eye movements or to any other observable behavior particular to the offset of the face stimuli. These responses, indistinguishable from stimulus-selective delay activity seen in memory tasks, were observed both in two monkeys that had been trained on memory tasks and in a monkey that viewed visual stimuli while fixating but was never trained on a memory task. Thus, the capacity for face-selective persistent firing and delay-period activity does not depend on intention to make a response, but appears to reflect an intrinsic property of the neurons' responses to visual stimuli.
A full characterization of the face-specific neurons examined here involves description of their localization within the prefrontal cortex. A deliberate attempt was made to record from as wide an area of the dorsolateral and lateral orbital regions of the prefrontal cortex as possible to address the difficult issue of whether information processing is segregated in prefrontal cortex as it is in the visual system (18) . A detailed reconstruction of the sites from which faceselective neurons were recorded revealed (Fig. 3) (19) that more than 95% (44/46) were located in the regions of the prefrontal cortex that receive input from the temporal lobe visual areas (the other two neurons were located in the posterior bank of the dorsal ramus of the arcuate sulcus). All of the neurons with face-selective visual responses were located in the inferior convexity (n ϭ 37), the lateral orbital cortex (n ϭ 4), and the arcuate sulcus (n ϭ 3). In contrast, not one of 480 units tested in the principal sulcus or of the 180 recorded in the superior prefrontal convexity was selective for faces. Similarly, of the 300 neurons tested with faces in a memory task (10) , all of the neurons with selective responses to faces in the delay period were located in the IT-recipient prefrontal cortex (4/6 of these neurons also had face-selective visual responses). None of the cells in the principal sulcus (0/56) or superior prefrontal convexity (0/81) responded selectively in the delay period to a picture of a face. Finally, to determine the connections of this region, we injected two monkeys with wheat germ agglutinin-horseradish peroxidase or fluorescent dyes at the termination of cellular recordings. The physiologically defined areas received input from the ventral bank of the superior temporal sulcus and adjacent cortex on the inferior temporal gyrus-regions from which face-selective neurons have been recorded in previous studies (16, 20) . The anatomical connections [see also (4) ] account for why the neurons of the inferior prefrontal cortex are more similar in their visual selectivity to those in the temporal lobe than they are to those of the dorsolateral prefrontal cortex. 14. Monkeys were trained by successive approximation to fixate within 2.0°of the fixation point. If the animal's eye position left the fixation window, the fixation light extinguished, no reward was delivered, and a 1 s time-out was imposed in addition to the intertrial interval. A trial consisted of: fixation of a centrally presented fixation point for 0.5 s, 1.0 s of visual stimulus presentation, followed by an additional 0.5 s of fixation. No behavioral response other than visual fixation was required, and stimuli were presented in a randomized order. Every neuron was tested on one or more basic sets of color stimuli presented on a computer monitor including faces, objects, and colored rectangles. Stimuli typically subtended 8°to 10°of visual angle and were presented on a monitor with 640 pixel by 400 pixel resolution and 16-bit color. In two of three monkeys, when neurons appeared to show selectivity for faces, they were then tested exhaustively with additional stimuli to assess the basis for an apparent selective response to a face stimulus. 15. The mean firing rate was calculated for five time intervals for the task: 1 s during the pretrial period preceding the onset of the fixation point, 400 ms starting 100 ms after visual fixation, 200 ms beginning 100 ms after presentation of the visual stimulus, 900 ms from 100 ms after onset of the visual stimulus, and 2000 ms starting 100 ms after offset of the visual stimulus. An analysis of variance (ANOVA) was then performed using stimulus as a factor and firing rate in the time windows as a factor with repeated measures. The ANOVA yielded P values for the effects of time period, stimulus, and interaction between stimulus and time period. Only neurons with a significant main effect of stimulus or a significant interaction between stimulus and time window and a significant one-way ANOVA for one of the cue periods or the postcue period at a level of P Ͻ 0.05 were considered selectively responsive. Using the criteria of Perret and colleagues (20), cells that met the ANOVA criteria and had a response magnitude to the best face stimulus that was more than twice as strong as the best response to a nonface stimulus were considered to be face-selective. 16 
Thermoregulation in the Mouths of Feeding Gray Whales
John E. Heyning and James G. Mead
Vascular structures for heat conservation in the tongue of the gray whale (Eschrichtius robustus) are reported here. Numerous individual countercurrent heat exchangers are found throughout the massive tongue. These converge at the base of the tongue to form a bilateral pair of retia. Temperature measurements from the oral cavity of a live gray whale indicate that more heat may be lost through the blubber layer over the body than through the tongue, despite the fact that the tongue is far more vascularized and has much less insulation. These heat exchangers substantially reduce heat loss when these whales feed in cold waters.
Because of the high thermal conductivity of water, the oceans and seas are energetically challenging environments for endotherms. Countercurrent heat exchangers in the vascular system of whales assist in the regulation of body temperature (1): those within the fins and flukes (2) function to conserve core body temperature, whereas those associated with the reproductive tracts (3) serve to prevent hyperthermia in these heat-sensitive organs. The mouths of baleen whales (suborder Mysticeti) are relatively large, in order to accommodate the filtering surface composed of baleen, and the oral cavity of baleen whales is a major site for heat loss during feeding. To date, there have been no measurements to quantify this loss (4), nor have any structures been identified that would serve to reduce it. In each of two young gray whale calves dissected (5) (LACM 88981, 3.98 m long; and LACM 92044, 5.25 m long), we found numerous individual countercurrent heat exchangers spaced throughout the tongue (Fig. 1A) . These periarterial venous retia (6) consist of a single central artery encircled by a sheath of surrounding veins and are about 0.5 cm in diameter, making them similar in size to the individual countercurrent heat exchangers within the flukes of the same animals. The groups of blood vessels are oriented in planes, so that cool venous blood returning from the surface of the tongue flows first ventrally then posteriorly toward the back of the tongue. Along the posterior half of the base of the tongue, these individual countercurrent heat exchangers converge to form a bilateral pair of large vascular retia (Fig. 1B) , each composed of over 50 such heat exchangers oriented adjacent and parallel. We term each vascular bundle a lingual rete. In the 5.25-m calf, each of these lingual retia was about 13 by 2 cm in cross-section and approximately 55 cm long. The lingual retia form one of the largest countercurrent heat exchangers described in any endotherm (2, 3) . At the base of the tongue, these heatexchanger retia sweep dorsally and separate into numerous individual arteries and veins that connect to the external carotid artery and jugular vein, respectively. The countercurrent vascular retia are situated in the fascial plane located between the tongue muscles (styloglossus, hyoglossus, and intrinsic tongue muscles) and the more superficial gular muscles (geniohyoideus and myohyoideus). This vascular complex is derived from the lingual arteries and veins.
The distinct lingual artery is short, bifurcating into numerous arteries about 3 cm distal to the external carotid artery. This proliferation of arteries just proximal to the lingual rete functionally increases the cross-sectional area of this vascular system and the surface area of the blood vessel walls. Both of these structural attributes function to slow blood flow in any single vessel, thereby increasing the time available for the transfer of heat from arteries to veins. This should greatly enhance the efficiency of the countercurrent heat-exchanger system.
We measured a lingual surface area of 0.325 m 2 in the 5.25-m specimen, which yields an estimated surface area of 2 m 2 for a 12-m adult. This represents approximately 5% of the surface area of the body (7), excluding the extremities. Because a mobile and dexterous tongue is needed to control water flow over the baleen, the tongue could not properly function if it were cloaked with a thick, semirigid adipose layer similar to the blubber encasing the body. However, the outer surface of the tongue is invested with a diffuse layer of fatty tissue about 2 cm thick.
Skin surface temperature relative to ambient temperature is a good indicator of
